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general, presumably mammalian, mitochondrial mRNAs are 
not capped 21 . 

The terminal or subterminal position of the initiator codon in 
human mitochondrial mRNAs may eliminate the need for a 
scanning process, at least an extensive one. A plausible 
mechanism would involve attachment of the ribosome at or near 
the 5' end of the mRNA with recognition of the initiator codon 
either directly or after a fine adjustment. The secondary struc- 
ture of mitochondrial mRNAs may be such that it would exclude 
all internal sites containing AUG or AUA codons, exposing 
only the terminal er sabtermsna! one. It is a!sc conceivable that 
the special features of mammalian mitochondrial ribosomes or 
some initiation factor would make the ribosomes suitable for 
recognizing the terminal or subterminal initiator codons. 
Analysis of the potential secondary structures of human mito- 
chondrial mRNAs and binding studies with mitochondrial or 
other ribosomes should elucidate the mechanisms operating in 
the initiation of translation in human mitochondria. 

The 5' ends of most mRNA coding sequences 
are immediately adjacent to tRNA genes 



of the mitochondrial genome 24 In any case, the degree of 
proximity of the initiator codon to the 5' end of the mitochon- 
drial mRNAs seems to be dictated primarily by the features of 
gene organization of this genome, in particular, by the positions 
of the tRNA genes. In fact, whatever the location of the initiator 
codon relative to the 5' end of the mitochondrial mRNAs, the 
data presented here (Fig. 5) suggest that whenever a tRNA gene 
exists on the 5' side of the mRNA coding sequence, the latter 
starts immediately aUer the tRNA gene. This observation 
confirms and refines the results of a recent detailed transcription 
analysis of McLa ccl! mtDNA 3 . These mapping and sequencing 
data strongly support the idea that the tRNA sequences 
represent the recognition signals for a putative processing 
enzyme which, by precise endonucleolytic cleavages, would 
release the 5' ends of the mature mRNAs 2 3 . As wilJ be discussed 
elsewhere 25 , recent experimental evidence indicates that the 
tRNA sequences may perform a similar function in the process- 
ing steps which release the 3' ends of the huma: mitochondrial 
mRNAs. These striking features of the organization of the 
human mitochondrial genome underlie the crucial part that the 
tRNA sequences probably play in mitochondrial RNA process- 
ing in human cells 2 3 ' : - 




traits (for example, the relatively small size of the rRNA and 
,., _ tRNA species), an evolutionary trend to simplicity and economy 
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municating the human mtDNA sequence before publication. 
The technical assistance of Ms A. Drew is gratefully acknow- 
ledged. 
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RNA arid^RNA , 

„ .... .. ? process^ later into mature species by precise endonucleolytic ctei&agesr^ 

which 



Recent transcription mapping analysis of HeLa cell mito^V Here, we report that each oflihe eight mRNAs analysed is 
chondnal DNA (mtDNA) has revealed that the H-strand ' • immediately contiguous, ,on its 3' side, to a tRNA gene or an 



sequences specifying the rRNA and poly<A)-containing RNA 
species (which are probably specific mRNAs or their precursors) 
are flanked on one side, and often on both sides, by a tRNA 
gene 1,2 (Fig. 1). In agreement with these observations, the 
alignment with the mtDNA sequence (refs 3-5 and 37) of a 
5'-end proximal sequence of all H strand-coded putative 
mRNAs has shown that the sequences complementary to these 
mRNAs are almost always immediately adjacent, without any 
intervening nucleotide, to a tRNA gene or an mRNA coding 
sequence 7 



7C 



mRNA coding sequence. On the basis of these and previous 
results 2 - 4 ' 6 ' 8 * we propose a model of H-strand gene expression 
which involves transcription of almost the entire length of this 
sUmidinthe form of a single polycistronic RNA molecule and its 
sjUbseguent processing oTrecte d^by" the tRNA sequences. ~— 

Isolation and 3'-end sequencing anaFysis of 
mitochondrial mRNAs 

The putative mRNAs were isolated from the poly(A)-contain- 
ing RNA fraction of micrococcal nuclease-treated mitochondria 
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Fig. 1 Transcription map 
of HeLa cell mtDNA. 
The two mtDNA strands 
have been linearized at 
the origin of replication 
(0). The position and iden- 
tities of the tRNA genes 
on the H strand (0) and 
on the L strand (O) were 
sequence (refs 16 and 
37). The solid and hatched 
bars indicate the H-strand 
and L-strand transcripts, 
respectively; numbers 
refer to the various 
poiy(A)-containing RNA 
species according to the 
classification of Amalric et 
at. . The upper and lower 
arrows indicate the direc- 
tion of L- and H-strand 
transcription, respec- 
tively. kbp t Kilobase pairs; 
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by electrophoresis through an agarose -CH 3 H -OH slab gel 
eJution of the individual species from the gel, treatment with' 
KNase-free DNase and re-run of each species on a separate gel 
of the same type, as ! described elsewhere 6 . 

Partial sequence analysis of the mRNAs was carried out by an 
adaptation of the minus sequencing method usin^ phased' oligo 
(dp primers and reverse transcriptase 910 , as described in Fig 2 
leg i C K d ;, Jvrt tr h nscr <P tase reaction, labelled primers and 
^labelled dNTPs" were used rather than unlabeled primers 
.Bnd.lflf- P]dNTPs, as in the usual procedures; in the latter 
approach; the probable presence of contaminating oligonucleoi 
tides resulting from the DNase treatment (which could function 
as primers) was expected to complicate considerably the inter- 



d-.'.v 



— j ^ y^y^n, wn; cdui or ;tnree o-end-labelled 

primers [ptfTVdA, p(dT) 8 -dC and P (dT) 8 -dG] was tested for : 
its ability to prime cDNA synthesis using the RM A as a template ' 
As shown previously.^ ^the presence of a specific nucleotide at 
the , 3 end of the ohgo(dT) stretch ensured that only the primer , 
mplecu RNA in p^sc (that is, those 

base-paired with the eight most 5'-proximal residues of the- 



poly(A) tail and the first nucleotide on the 5' siue of this taiJV 
would promote extension synthesis by the reverse transcriptase.' 
.,,,^he^b^n<J: pattern , formed by the products of this synthesis') 
showed a highly variable intensity of the individual bands, and- 
was very typical and highly reproducible for each RNA thus 
providing a diagnostic test at a positive result; only limited 
extension -synthesis .was observed when the iwo^otfor; non-' 
, specific primers were tested with, the same RNA </ 
The correct oIigo(dT)-dN primer identified for each RNA was ^ 
incubated with the corresponding RNA, rJNTPs and reverse' 
transcriptase in four incubation mixtures; each lacking ; . Je o< 
the four dNTPs. Figure 2 shows representative- results obtained ? 
with some of the various putative mRNAs analysed. In general 
in each 'minus' reaction mixture, a prominent band can be 
observed which corresponds to a specific ladder position. This 
band rev/esents the oligo(dT) primer extended by the reverse 
transcriptase up to the position preceding, in the cDNA 
sequence, the nucleotide missing from the reaction mixture. For 
example, in the experiment using RNA 13, the '-A' lane shows 

a °??u a * ! 2?? er position 15 ' the ~ C ' iane a ban <* « position 25, 
and the -T lane a band at position 1 1 . Therefore, the identities 
of the nucleotides at positions 16, 26 and 12 in the cDNA can be 
interpreted as A, C and T, respectively, and those of the 



corresponding nucleotides in the RNA template U, G and A 
The lane shows no band above the primer, which indicates - - 
the presence of a C residue at the position in the RNA sequence 
corresponding to step 10 of the ladder. The other RNA species 
gave results similar to those obtained for RNA 13. However in : 
some cases an unambiguous identification of the stop positions 
corresponding to all four nucleotides could not be made In 
particular RNA 12 did. not produce the- expected band at 
position^. Recent experiments suggest that this is probably 
due to the fifing of the short extended primer (10 nucleotides 
long, cor- prising T s and As) from the RNA template during the 
chromatography step. In the case of RNA 7, the strong signal 
from the.band of the primer (position 9) prevented the recoc- 
mtion of the band at position 10. In these cases, a positive 



;^ " u _ l,,c ianeror kina lb). 1 his second band ■ 
Lively ii.terpjcieci io be due io partial readthrough bv 
the transcriptase past the first stop position (presumably because : 
or the presence of contaminating nucleotides in the reaction - 
mixture) and arrest at the next stop position dictated by the ' 

sequence. In some experiments, multiple prominent bands were ■ i 
observed;in an individual lane at positions below the stop band- | 
these generally correlated with promineriMadder bands (for 
exa„,plev the ~C iane for kin A 12), and were interpreted 
reflecting pauses in the transcriptase progression, as previously 
observed 1 -, and were thus disregarded. 

mRNA coding sequences are immediately 
adjacent at their 3' end to tRNA 
genes or other mRN^ coding sequences 

The partial sequencing data determined for the 3'-end proximal - , I 
segments: Of'the; putative/ mRNAs are shown in Fig. 3 The 
corresponding DNA sequences (refs -3-5 and 37):are also report 
ted to show their alignment with the nucleotides identified in the 
RNAs. Our experimental data allowed unambiguous matching 
of the RNA and DNA sequences: The only discrepancy obser- 
ved is at a residue in RNA 1 1 corresponding to ladder position 
13, where A was found instead of G. This may reflect a sequence 
difference between human placenta mtDNA (used for DNA 
sequencing) and HeLa mtDNA; such sequence differences have 
been previously observed at other positions 4 . It is interesting 
that the base substitution mentioned above does not change the 
codon assignment at that position (tryptophan). It is clear from 
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Fig. 2 Reverse tran- 
scriptase products in 
reactions using "phased* 
oligo(dT) primers and 
poly( A)-containing RNAs 
13, 12, 9 and 16. Partial 
sequence analysis of the 
3'-end proximal segment 
of each RNA species was 
done by an adaptation of 
the 'minus' sequencing 
method using 'phased' 
oligo(dT) primers and 
reverse transcriptase 9,10 , 
which will be described in 
detail elsewhere. Briefly, 
thep(dTVdA,p(dT) 8 -dC 
and p(dT) 8 -dG primers 
were 5'-end labelled with 
[v- 32 P]ATP (8,000 Ci 
mmol" 1 ) and T4 poly- 
nucleotide kinase, after 
dephosphorylation with 
bacterial alkaline phos- l~ 
phatase 6 , then rim i'dh^a j; 

15% polyacrylamide slab gel in Tris-borate-EDTA. After 'angiography, the band corresponding to nonanucleotides in each lane, which 
contained most of the radioactivity, was eluted; the final specific activity of the labelled primers was 5-10 x 10 7 c.p.m. p.g -1 . To determine the 
nucleotide adjacent to the poly (A) tail in the RNAs to be analysed, each RNA species (0.05-0. 1 0 pmol) was mixed at 4 °C with a 100-fold molar 
excess of each of the 5'-end-labelled primers and 50 mM of each of the four dNTPs in 20 ^ 1 of of 0.05 M Tris, p H 8.0 (25 °C), 0. 05 M KCI, 0.005 
.MMgC! 2 and 0,01 M dithiothreitol. After addition ox AMV reverse^transcriptase (4 U), the reaction mixtures weje incubated for 3, min at 39 °G. 

f — ~— *~ C~~u:*-S~ uV.L-:ji„„*:^- ~e ^i^J&Z ZtisiKiu* i»M A tW*» rriivtiirpc wWrP^iVriiiWatPri fr& "A '..Witt «* 7<C T ar>H tUa~ 




15 



-10 





equilibrated with 0.3 M NaCI,. 0.01 M Tris, pH 7.4, in "the presence of yeast 'RNA carrier. The material in, the void volume was; 
• cthanol-precjpitatedand then-run on a 10% polyacrylamide/ 1 ? M urea sequencing gc . Arrows i ndicate the bands interpreted as corresponding to ■ ^ 
stop positions in the reverse transcriptase reaction. The numbering of the ladder steps indicates the molecular length (number of nucleotides) of 
the extended primers, starting from the 5'-end nucleotide. r : ^ 

- t?in, i that *ko i'„«rAvimai-m^unt;^ jw^n^jfi^^ ^if^tKhin enc 0 f the,16S rRNA corresponds to a residue in DNA 

immediately adjacent, or very close, to the tRNA Uu gene. . r 



lew ui uie excecuingiy smai! amount o* material avaiiaoie r/ 1 „ 
end sequence information was obtained for either RNA 5 
. However, the almost perfect correspondence between the , 
identified in RNA 14 corresponds in the DNA + o a residue molecular size of RNA 1 7, as estimated from Si protection data ; 
/.^separated bygone A from, the initiator codon ^aUG) pi the (340 nucleotides), and the length of the PNA sequence between^ 
flanking RNA 15 coding sequence. Our experimental approach tRNA Gly , and tRNA Ars , (346 nucleotides) 2 ^ antf the, previously, , / 
to the 3'-end sequence analysis did not allow' discrimination demonstrated juxtaposition of the tRN A Gly gene with the 5' end , . 
between any 3'- terminal A encoded in the DN A and the As of , ; of the RNA 1 7 coding sequence 7 stronelv suggest that the-3' end 




'^sequence, these As are similarly transcribed from the DNA'l 

Comparison of the 3'-end proximal sequence of the' small ' ] 



nucleotide of the hamster RN A missing in the human mtDNA 
sequence which just precedes the tRNA Val gene(Fig. 3). there- 
fore, it seems very likely that, as in mouse mtDNA 14 , the human 
1 2S rRNA gene extends to the tRNA Val gene, thus following the 
same rule described for the mRNA coding sequences. No direct 
information about the 3'-end proximal sequence of human 16S 
rRNA is available; however, comparison of the length of this 
RNA determined from Si protection data (~- 1 ,600 nucleotide) 15 
with the length of the interval between the tRNA Val and the 
tRN A Lcu genes (1,559 nucleotides) 4 strongly suggests that the 3' 



with UorUA 

the mitochondrial , : 
ice of this 

le^humah^gl 

mtDNA sequence (refs 16 and 37); It has been found that many \ 
reading frames, including those corresponding to thernRNAs 
mentioned above, lack a stop codon, and that, in these cases, a T 
or TA follows the last sense codon and immediately precedes a 
tRNA gene or another reading frame. This observation has led 
to the suggestion that poly(A) addition to the 3 '-terminal U or 
UA of the transcripts of these reading frames may create the 
missing stop codon. The 3'-end proximal sequences determined 
here for the mitochondrial mRNAs strongly support this model 
for polypeptide chain termination in human mitochondria. The 
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reading frames corresponding to RNAs 9 and 16 have stop 
codons AGA and U AG, respectively 3,5 (AGA is probably a stop 
codon in human mitochondria 17 ). The observation that in these 
mRNAs there is a 3' noncoding stretch extending to the 5' end of 
the flanking tRNA gene indicates that, as in the case of the 5' 
terminus of the human mitochondrial mRNAs 7 , the rule dictat- 
ing the possible presence and length of a 3 '-end segment flanking 
the polypeptide coding sequence is the position of the tRNA 
genes in the DNA sequence. 

The tRNA pMnetssatsen mcdci of Sf-sfcrand 
gene expression 
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The sequence data discussed above and in the accompanying occurrence 3dSSL"-? f^f Specie / 19 ' in to the 

SStfj^?* * P-ious work- ^tTSSZ » 



^ _ u ,, u avwLrisiuitnying 

paper and the results of previous work 4 * indicate that the 

a TVS?" coding for the rRNAs - Poly(A)-containin e 
KNAs and tRNAs are immediately contiguous to each other 

ZVf?£ ne contil ">ously from coordinate 2/100 to coordinate 



■S9525SS jo_y«e1d »!iejnatULre_products or, in some cases 
procwsing intermediate^ likejhe putative piec^uVsor of the 
rRNAs (RNA 4) and the precuraT^RNA 9 fref. ff 5 - 

Recent work haslndicated a conceTTifation of H-strand 
nascent transcripts in the quadrant of the mtDNA Hpall mao 
which is adjacent to the origin of replication in the direction of 
H-strand transcription 18 (Fig. 4a). These results strongly 
suggest that the region of mtDNA around the origin of 3 
cation contains an initiation site for H-strand transcription- 
such a site may thus represent the promoter of the sinele 
-. ....... p^. l u.«rfM..«ae. ruiliieniiorc, me railure to detect 

any giant-si Ze H-strand transcripts either associated with tran- 
scription complexes 18 or as discrete species 2 ", in contrast to the 



*u . L .t. 7 . L,-auanu uanscnnis, DOintS to 

lrL^ 8 ' b ' 1 ^ *!* ^^^SWgofthf H-slranj, transcripts 

complexes. These results taken together support a modeTin 
whSITtrinscription of the H strand starts near the origin of 



95/100 (relative to the origin 0/100 7 fhfe arrangement h ^LTTZT™ near the origin of 

cojjsiatentjKitlu^^ ffi^ffi ffigft ' ' n^ ptedlyat least up to the distal 

i^M^^^^^^fJio^^W^M- mslM^ZfrM* -^fj^i^m are prociSidTo 
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: Pig? 3;' Partial sequencing data 
■ 4etef^iried for-: the '3Vetid 
;r. regions of the mitochondrial 
p61y(A)-containing RNAs are 
shown aligned with the cor- 
respdnding DNA sequences. A 
• 5 -proximal segment of the 

- sequence of the adjacent tRNA 1 
; .genes and of thW s, RNA 15 ' 
: ' ^%gvStretch , is also shown; • 
v:'>he figure, also includes' the 3'- 
v v e 3<f proximal sequence.of, the 
, small mitochondrial 

.'■'..rRNA ■ ^ together, /with; the 
corresponding human mtDNA 
sequence and a portion of the 
contiguous tfeNA ya ' coding 
sequence. Asterisks indicate; 
; the- : non-homologous.' niicleor 
,. -.tides. ' ' { f - ,c ' 
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Fig. 4 Proposed model for mtDNA H-strand transcription, a 
Distribution in the mtDf A H strand of the hybrids formed with 
nascent RNA chains isolated from transcription complexes 
(modified from ref. 1 8). Each tick marks the position in the HpaU 
map (not shown) of one ear! of each hybrid. whiL- the other end is 
arbitrarily localized at the closest, origin-proximal Hpa II site; long 
and short ticks refer to abundant and rare hybrids, respectively, b 
Uiagrammaticrepi mentation of the processing of nascent mito- 
chondrial RNA chai. ,: !n the transcription complexes: •, tRNA 
gene; O, mature tRNA; 

In the processing of the primary transcripts, the secondary 
structure of the tRNA sequences may represent the main 
re f°enitipn signal, providing the punctuation in the reading of 
mtDNA information'. In fact; these sequent may acquire a 
clover-leaf configuration while they are still a part of the nascent 
transcripts, and the processing en Z yme(s) may recognize this 

f. PM 6 0r „ a ,.?" n rti0 " of iU 11 is intcrcsti "8 mat the Escherichia- 
con KNase P - and a similar. /« vitro enzymatic activity from 



ing step that releases the 3' end of these RNA products from the 

2 'tlT^l^r' indc P?» d °»«y «f the functionXole 
^i„f, P ." UC i S ;, Th,S mter f»re*«ion may account for the poly- 
adenylation of the presumptive rRNA precursor 2 - 28 The small 
fraction of 16S rRNA which binds to 0ligo(dT)-ceIluW- ' 
probab y represents incompletely processed 16S rRNA mole- 
cules wtth residual poly(A) tails. It is interesting to note th™ in 
nuclearRNA(bothcellularandviral),additionofpolyAK^ 
3 ends is a rap.d event which seems to precede splicine 2 '- 3 ' 

Ind .tv^V 31 , eaSt 1" m0St of the trans <:ripts in adenovirus 2 
and SV40 infechon, the acceptor sites for polyadenylation are 
fcriptT 2 ' 6 " ° y enao:,u ' ;,eo, y l,c «eavages ot larger pr.mary tran- 

Implications for mitochondrial RNA 
metabolism 

A recent estimation of the steady-state amounts of the mito- 
chondnal mature RNA species has indicated that the mo ar 
amount of 2S rRNA is about 60 times higher than that of the 
most abundant mRNA, RNA 16, with. moderate variations in 
the amounts of the different H strand-coded mRNAs 
Because the half life of the 12S rRNA is only 2-5 time- lonaer 
than that of the mRNAs, 3 '- 14 a difference in the S , 

must be the main factor determining the large difference in 

>"RNA species. In fee?, S 
50-100-fold higher . ate of synthesis has been estimated for 12S 

C ^ P * re ^^ ,he ™* NAs "- 34 - Such a difference in 
rate of synthesis between rRNA and mRNA -species couH > 
suggest the existence of more than one promoter for H-strand 



7.' , "6 c " t,u "'- 1 «-'5P.'y"c event at some distStt»gi 
from the 3 end. There is go.od evidence to indicate that the ' ; 

hMh a I^MA 0en / ZeS ? ome «P?« °f the structural conformation - 
of the tRNA rather than the nucleotide sequence at its cleavage- 
sites in the tRNA precursors 2 *' 27 . It is possible that two erizy? 
made . activities, analogous to nNase P, but with different ' 
speaficties for the 5' and 3' terminus of the tRNAs, are involved . 
in ; he.processing of the H-strand primary transcripts in human 
mitochondria. _ , 

whl^n^BM A fCW proc ? ss / n s' s ^s in the H-strand transcripts '. • 
Where no tRNA sequences have been found (see Fig. 1)— at such 
pos.tions, it is conceivable.tliat the processing enzyme(s) recpg. ■ ' 
iiizes, o„ o.ie o. the otW, si^oT Ac cleavage point, a stem-anlv' " 
loop structure resembhng 'a pprtion of a tRNA configuration : 

Polyadenylation occurs at endonucleolytic 
cleavage sites of primary transcripts 

.hf .DMT""? °^ ,Va,i ° n iS that a " ,he RNA species other'.' , 
than tRNAs which derive from the mimsm. .,.-,>,......; flii&SH 



, . , , • — ...... niui uui uii transcripts are 

completed ocfore be;ng released from the template. Premature " 
termination ot the transcripts beyond the rRNA cistrons would 

ihltZfu* 3 - kTT m ° lar yield of thc rRNA secies relative to , 
that of the n.KNAs or most of the tRNAs 1 . 1.ate in adenovirus 2 v- 
infect-on, a premature termination of transcription, which 
produces a our- to- six-fold .greater inolar amount of RNA 
synthesized from- the first 2,000' nucleotides of the transcrip- ' 
tional Unit than from any other region, has been previously well 
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